Empathy is crucial for our emotional experience and social interactions, and its abnormalities manifest in various psychiatric disorders. Observational fear is a useful behavioral paradigm for assessing affective empathy in rodents. However, specific genes that regulate observational fear remain unknown. Here we showed that 129S1/SvImJ mice carrying a unique missense variant in neurexin 3 (Nrxn3) exhibited a profound and selective enhancement in observational fear. Using the CRISPR/Cas9 system, the arginine-to-tryptophan (R498W) change in Nrxn3 was confirmed to be the causative variant. Selective deletion of Nrxn3 in somatostatin-expressing (SST+) interneurons in the anterior cingulate cortex (ACC) markedly increased observational fear and impaired inhibitory synaptic transmission from SST+ neurons. Concordantly, optogenetic manipulation revealed that SST+ neurons in the ACC bidirectionally controlled the degree of socially transmitted fear. Together, these results provide insights into the genetic basis of behavioral variability and the neurophysiological mechanism controlling empathy in mammalian brains.
INTRODUCTION
Empathy is the ability to recognize and share the feelings of others. The neurocognitive processing of this affective and cognitive information is fundamental for our emotional and social lives (Bernhardt and Singer, 2012; de Waal, 2008) . Either elevated or reduced empathy can contribute to difficulties in social interactions and mental well-being. Disturbance of empathy is a salient feature of many neuropsychiatric conditions, particularly autism spectrum disorders (ASDs) and psychopathy (Baron-Cohen and Wheelwright, 2004; Bora et al., 2008) . Although there is a considerable genetic contribution to individual variability in empathy (Ebstein et al., 2010; Knafo et al., 2009; Rodrigues et al., 2009; Warrier et al., 2017) , identification of specific genes that determine individual variability in empathy has been largely limited, primarily because it is difficult to control the social context in humans.
Recent evidence shows that empathy is evolutionarily conserved from rodents to humans (de Waal and Preston, 2017; Decety, 2011) . Rodents possess a remarkable affective sensitivity to the emotional state of others and show empathyrelated behaviors such as observational fear, emotional contagion of pain, social buffering, and prosocial helping behaviors (Ben-Ami Bartal et al., 2011; Burkett et al., 2016; Church, 1959; Jeon et al., 2010; Langford et al., 2006) . In particular, observational fear has been recognized as a useful behavioral model for assessing empathic fear capacity (Debiec and Olsson, 2017; Meyza et al., 2017; Panksepp and Lahvis, 2011; Sivaselvachandran et al., 2016) . In observational fear, a mouse is vicariously conditioned for fear by observing a conspecific receiving aversive foot shocks. This phenomenon, referred to as emotional state-matching or affect sharing, was measured as socially transmitted fear (Chen et al., 2009; Jeon et al., 2010) . Human performance in a similar observational fear learning process was correlated with trait measures of empathy (Haaker et al., 2017; Kleberg et al., 2015; , suggesting that social transfer of fear is a fundamental feature of empathy that is conserved across species Panksepp and Panksepp, 2013) . Brain imaging studies have contributed to the understanding of the neural circuitries involved in empathy. Specifically, the anterior cingulate cortex (ACC) is involved in empathic responses of pain or fear Singer et al., 2004) . Likewise, the activity of the ACC is augmented in mice engaged in observational fear, and its role in the acquisition of vicarious freezing has been demonstrated using neuroanatomical lesions (Jeon et al., 2010; Kim et al., 2012) . However, despite the accumulating information about executive neural circuitry controlling observational fear, specific genes that determine different presentations of empathyrelated behaviors are poorly understood.
To address these issues, we recently surveyed multiple inbred mouse strains and found that the vicarious freezing response was highly variable among different strains, suggesting that the innate observational fear response is under genetic control . By comparing a panel of genetically nearly identical 129 Steel-lineage (129S) substrains, we identified that a missense variant in the Nrxn3 gene present only in the 129S1/SvImJ (129S1) strain enhanced empathy fear. Using a combination of approaches, including cell type-specific ablation, ex vivo slice electrophysiology, and optogenetic manipulation, we demonstrate that Nrxn3-dependent somatostatin-expressing (SST+) interneurons in the ACC control the degree of social transfer of fear in mice.
RESULTS

The R498W Variant in Nrxn3 Causes Elevation of Observation Fear
In the observational fear task, without receiving direct aversive stimuli, a mouse (observer) is vicariously conditioned for context-dependent fear by observing another mouse (demonstrator) receiving repetitive foot shocks ( Figure 1A) . Mice of the 129S1 inbred strain exhibited a marked increase in observational fear (Video S1) compared with other closely related 129S substrains, including 129S2/SvPas conditioning. Observer (OB) and demonstrator (DM) mice are individually placed in the chamber and allowed to explore for 5 min (habituation). The observer mouse then witnesses a DM mouse receiving foot shocks through a transparent partition for 4 min (conditioning). Day 2: 24-hr retrieval. The observer mouse is returned alone to the same chamber in the absence of a DM mouse and shocks.
(B and C) Vicarious freezing of 129S1 (yellow), F1 (129S1xS4, navy), 129S2 (light blue), 129S4 (green), and 129S8 (magenta) observer mice was measured on day 1 (B), followed by measurement of 24-hr contextual memory (C). Strain 129S1 mice showed a marked increase in observational fear (S1, n = 18; S4, n = 26; twoway repeated measure [RM] ANOVA followed by Tukey's post hoc test, F (1, 43) = 14.06, p < 0.001) and 24-hr memory compared with F1 mice and four other 129S substrains (Kruskal-Wallis one-way ANOVA on ranks followed by Dunn's test, p < 0.05).
(D and E) Distribution of total freezing time(s) during day 1 conditioning (D) and 24-hr memory (E) across 19 inbred strains of mice (AKR, n = 15; BALB/c, 14; BUB/BnJ, 8; C3H, 9; CBA/J, 10; DBA/2J, 9; FVB, 9; KK/HiJ, 8; non-obese diabetic [NOD], 10; C58 /J, 6; B6J, 16; B6N, 23; BTBR, 14; NZW/LacJ, 6; 129S2, 7; 129S8, 8; 129S4, 26; F1, 14; 129S1, 18) . The level of vicarious freezing in 129S1 mice was significantly higher than in any of the 18 other inbred mouse strains (Kruskal-Wallis one-way ANOVA on ranks by Dunn's test, p < 0.05). All data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
(129S2), 129S4/SvJaeJ (129S4), and 129S8/SvEvNimrJ (129S8) (Figures 1B and 1C; Video S2) . Surprisingly, we found that the level of observational fear response in 129S1 mice was significantly higher than that in any of the 17 other common inbred strains examined ( Figures 1D and 1E ). This elevated vicarious fear response in 129S1 mice did not significantly correlate with variation in locomotion, anxiety, or Pavlovian fear conditioning , leading us to hypothesize that this extreme phenotype in 129S1 mice was caused by observational fearspecific genetic variations unique to this strain.
To identify a causative variant, we performed whole-genome sequencing (WGS) of 129S1 and 129S4 strains (Table S1 ) and identified 32 non-synonymous coding SNPs in 23 genes that differed between 129S1 and 129S4 mice (Tables S2A and  S2B ). To further validate and identify 129S1-unique SNPs, we compared those 32 coding variants with published genome sequences of 17 inbred mouse strains (Keane et al., 2011) . Only eight were 129S1-unique SNPs that distinguished the 129S1 strain from the other 17 strains (Table S3) . We prioritized them based on the predicted consequences of the coding changes on the protein function and the mRNA abundance of the genes in the brain (STAR Methods). This analysis identified a homozygous non-synonymous SNP (rs241832271) that changes C to T at the 89,254,694 base pair (bp) on chromosome 12 as a top candidate to account for the altered behavioral phenotype of the 129S1 mice ( Figure 2A ). This SNP occurs in exon 6 of the neurexin 3 (Nrxn3) gene, encoding an evolutionarily conserved synaptic cell adhesion molecule that is essential for normal synapse assembly and synaptic transmission (Reissner et al., 2013; S€ udhof, 2008) . The C-to-T change produces an arginine-to-tryptophan protein change at position 498 (R498W) in the third extracellular LNS (laminin-neurexin-sex hormone binding globulin) domain of NRXN3, which is highly conserved among vertebrates (Figures 2B and 2C) . Notably, this change is predicted to be deleterious ( Figure S1 ). The R498W variant was present only in 129S1 mice; none of the other inbred strains, including wild-derived mice, shared the T allele ( Figure 2D ; Table S2B ), suggesting that this variant is not ancestrally inherited . To further pursue the historical origin of this variation, we performed DNA sequencing for the variant in an additional 129 substrains-129S2, 129S8, and 129T2-representing different genetic lineages ( Figure 2E ). The times of separation from the founder colony of these strains have been well documented (Festing et al., 1999; Simpson et al., 1997) , allowing construction of a phylogenetic timeline of this Nrxn3 variant ( Figure 2F ). Intriguingly, the R498W variant at the Nrxn3 locus was fixed only in the 129S1 colony during selective breeding (Simpson et al., 1997) and was not present in most commercially available 129 strains. No 129S1-unique insertions or deletions (indels) or structural variants that caused protein coding changes were found.
To confirm that the R498W variant in Nrxn3 caused elevated observational fear, we introduced the C > T non-synonymous change into B6J mice using CRISPR/Cas9 genome editing (Figure 3A Figure 3B ). No difference was found in 24-hr memory between the two groups ( Figure 3C ). To further explore the effect of this coding variant on conditioned fear, we examined the KI-Nrxn3 WW mice on a classical fear conditioning task but found no significant change in fear conditioning or 24-hr contextual fear memory ( Figures 3D and 3E) . Thus, the R498W variant in the Nrxn3 gene specifically increased the degree of behavioral response of observer mice to the distress of demonstrator mice, indicating that KI-Nrxn3 WW mice phenocopied the behavior of 129S1 mice.
SST+ Neuron-Specific Deletion of Nrxn3 in the ACC Increases Observational Fear The ACC was shown to be crucial for the acquisition of observational fear (Jeon et al., 2010; Kim et al., 2012) . In the cortex, information processing depends on highly interconnected microcircuits composed of excitatory glutamatergic pyramidal and gaminobutyric acid-releasing (GABAergic) inhibitory neurons (Figure 4A) (Tremblay et al., 2016) . Although the lack of high-affinity antibodies has hindered the assessment of Nrxn3 protein expression (Reissner et al., 2013; S€ udhof, 2008) , in situ hybridization and mRNA transcriptome studies have demonstrated that Nrxn3 is highly expressed in the cortex (Aoto et al., 2013; Chen et al., 2017; Schreiner et al., 2014; Treutlein et al., 2014) . In addition, Nrxn3 shows distinct synaptic functions in different brain regions (Aoto et al., 2015) . Thus, to elucidate the role of Nrxn3 in observational fear, we used a cell type-specific targeting approach to dissect its specific involvement in distinct neuronal populations. First, to selectively delete Nrxn3 in excitatory glutamatergic neurons of the forebrain, we generated conditional knockout (KO) mice by breeding mice that harbored a Nrxn3 conditional allele (Nrxn3 f/f ) with Emx1-Cre mice (Gorski et al., 2002) 
, designated Emx1-Nrxn3 KO). The Emx1-Nrxn3 KO mice showed levels of observational fear similar to those of their WT littermates ( Figure 4B ). There was also no difference in 24-hr memory between the genotypes (Figure 4C) . To confirm this, we deleted Nrxn3 in putative excitatory cortical neurons by focally injecting an adeno-associated virus (AAV) expressing Cre recombinase under the control of the calcium/calmodulin-dependent protein kinase IIa promotor (AAVCamk2a-Cre) into the ACC of Nrxn3 f/f mice ( Figure S2A ). Similar to Emx1-Nrxn3 KO mice, observer mice with a localized Nrxn3 deletion in excitatory neurons in the ACC exhibited no difference in either acquisition or 24-hr memory of observational fear compared with control mice ( Figures S2B and S3C ), indicating that Nrxn3 in cortical pyramidal neurons is not critically involved in the regulation of observational fear. Next, to examine the role of Nrxn3 in GABAergic inhibitory neuron populations, we first crossed conditional Nrxn3 f/f mice with pan-GABAergic Vgat-Cre mice in which Cre recombinase is expressed under the control of the GABA vesicular transporter (Slc32a1) (Vong et al., 2011) . However, we found that, when crossed to homozygosity, Vgat-Nrxn3 KO mice were not viable (live births: 20 WT, 47 heterozygous, and 0 homozygous KO), consistent with a previous report that germline Nrxn3-KO mice die at birth (Aoto et al., 2015) . These results underscored the possibility that Nrxn3 plays a critical role in GABAergic synapse development. This finding prompted us to further explore the consequence of Nrxn3 ablation on the synaptic function of specific GABAergic inhibitory neuronal populations. To this end, we generated three lines of conditional KO mice lacking Nrxn3 in parvalbumin-expressing ( representing the majority (>80%) of the GABAergic neuronal population in the cortex (Hippenmeyer et al., 2005; Taniguchi et al., 2011; Tremblay et al., 2016) . Strikingly, we found that SST-Nrxn3 KO observer mice showed greatly increased vicarious freezing compared with their WT littermates ( Figure 4D ; Video S3). 24-hr memory was also significantly higher in SSTNrxn3 KO mice compared with WT mice ( Figure 4E ). By contrast, both PV-Nrxn3 KO and VIP-Nrxn3 KO mice exhibited no difference in observational fear compared with their WT controls . We tested SST-Nrxn3 KO mice on a classical fear conditioning task but found no difference between the KO and WT mice (Figures S3A and S3B) , highlighting the specific role of Nrxn3 in SST+ neurons in the modulation of observational fear. Next, we examined whether the elevated observational fear in SST-Nrxn3 KO mice was due to the loss of Nrxn3 in SST+ neurons in the ACC, which is integral to the acquisition of vicarious fear (Jeon et al., 2010; Kim et al., 2012) . To this end, we bred SST-Flp;Nrxn3 f/f mice, in which flippase (Flp) recombinase was selectively expressed in SST+ neurons in a Nrxn3 f/f genetic background, and injected the ACC of these mice with an AAV expressing Cre recombinase in a Flp-dependent manner with a double-floxed inverted open reading frame (AAV-fDIO-Cre). This approach allowed SST+ neuron-specific deletion of Nrxn3 restricted to the ACC area ( Figure 4J ). Indeed, we found that this resulted in elevated vicarious fear responses ( Figures 4K and 4L ), a phenotype that resembled that of the SST-Nrxn3 KO mice. Thus, the lack of Nrxn3 in SST+ neurons in the ACC caused elevation of observational fear. (D) KI-Nrxn3 WW mice (n = 13) show no difference in conditioned fear over trials compared with WT littermate (n = 11) controls.
Reduced GABAergic Transmission from SST+ Neurons
(E) The level of 24-hr contextual fear memory in KI-Nrxn3 WW mice (n = 13) is similar to that of WT mice (n = 11).
Data are presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. (Madisen et al., 2010) . All recorded putative pyramidal cells exhibited a regular adaptation firing discharge pattern, and their average frequency of action potential discharge at incremental step current injections was similar between WT and SST-Nrxn3 KO mice ( Figures S4A and S4B ). SST+ interneurons lacking Nrxn3 also showed no difference in intrinsic excitability ( Figures S4C and S4D ).
To examine inhibitory synaptic transmission, we measured miniature inhibitory postsynaptic currents (mIPSCs) from L2/3 pyramidal neurons of the ACC ( Figure 5A ). SST-Nrxn3 KO mice showed a significant decrease in mIPSC frequency, but not amplitude, suggesting that presynaptic GABA release probability was reduced ( Figures 5B and 5C ). To determine whether loss of presynaptic Nrxn3 in SST+ neurons affected GABAergic transmission onto pyramidal neurons, we performed dual whole-cell patch-clamp recordings on pairs of neighboring SST+ neurons and pyramidal cells ( Figure 5D ). Paired recordings demonstrated a substantial deficit in inhibitory synaptic transmission in the ACC of SST-Nrxn3 KO mice ( Figure 5E ). We observed a marked reduction ($50%) in the amplitude of action potential (AP)-evoked IPSCs (eIPSCs) from SST+ neurons onto pyramidal neurons in the SST-Nrxn3 KO mice ( Figure 5F ). We recorded paired-pulse depression (PPD) of inhibitory synaptic inputs on pyramidal neurons and calculated the paired-pulse ratio of eIPSCs. We found that the PPD between the two eIPSCs with 50-ms interval was significantly different between WT and SST-Nrxn3 KO mice (76.94% ± 5.68 (WT) versus 99.05 ± 1.20 (KO), p < 0.001). Collectively, Nrxn3 ablation in SST+ neurons decreased the efficacy with which an AP triggers GABA release onto L2/3 pyramidal neurons in the ACC. Examination of excitatory synaptic transmission by recording miniature excitatory postsynaptic currents (mEPSCs) in both L2/3 pyramidal cells and SST+ interneurons revealed no significant change in amplitude or frequency of excitatory events in SST-Nrxn3 KO mice ( Figures S5A-S5F ).
SST+ Neurons, but Not PV+ Neurons, Control the Degree of Observational Fear Response in the ACC Our electrophysiological data suggested that the reduced inhibitory synaptic transmission from SST+ neurons contributes substantially to the hyperactivity of excitatory pyramidal neurons and, thereby, drives enhanced vicarious fear to the distress of demonstrators. To determine the contribution of the activity of SST+ interneurons in observational fear, we asked whether acute inactivation of SST+ neurons in the ACC would alter vicarious freezing in observer mice. To this end, we injected an AAV expressing the Cre-dependent, engineered chloride (Cl 6C ; Video S4). Importantly, similar suppression of PV+ neurons had no effect ( Figures 6E and 6F ), revealing that SST+ neurons, but not PV+ neurons, were critically involved in this process. We then tested whether activation of SST+ neurons affects the level of observational fear using an AAV expressing Credependent channelrhodopsin (AAV-DIO-ChR-YFP; Figure 6G ). We found that the effect of activating SST+ neurons in the right ACC was robust and almost completely abolished the acquisition of vicarious freezing ( Figure 6H ; Video S5). There was also a significant reduction in 24-hr context memory in SST-Cre mice following optogenetic activation ( Figure 6I ). These results suggest that the activity level of SST+ neurons in the right ACC can bidirectionally modulate the level of vicarious freezing.
DISCUSSION
In this study, we have attempted to identify a specific genetic determinant critical to observational fear, an empathy-related behavior in mice, by exploiting naturally occurring phenotypic differences between genetically closely related 129S substrains. We discovered that a protein-altering variant of the Nrxn3 gene specific to the 129S1 strain enhanced observational fear. Importantly, 129S1 mice exhibited vicarious fear significantly higher than that of other 129S substrains or any of 17 other common inbred strains, indicating that this phenotypic abnormality was very specific to the 129S1 strain. Both nearly identical genetic (B and C) PN-specific deletion of Nrxn3 in Emx1-Nrxn3 KO mice (n = 7) had no effect on observational fear (B) and 24-hr retrieval (C) compared with that observed in WT littermates (n = 11). (D) Deletion of Nrxn3 in SST+ neurons increased vicarious freezing in observational fear conditioning (SST-Nrxn3 KO, n = 16; WT littermates, n = 7; two-way RM ANOVA followed by Tukey's post hoc test, F (1, 22) = 7.34, p < 0.001).
(E) SST-Nrxn3 KO mice showed an increase in freezing in 24-hr retrieval (one-way ANOVA followed by Tukey's post hoc test, F (1, 22) = 7.68, p = 0.011). (F and G) PV-Nrxn3 KO mice (n = 9) showed no difference in observational fear (F) and 24-hr memory (G) compared with WT littermates (n = 8).
(H and I) Mice with VIP interneuron-specific deletion of Nrxn3 (n = 7) exhibited similar observational fear (H) and 24-hr retrieval (I) compared with WT littermates (n = 5). 
(legend continued on next page)
variations between the 129S substrains and the extreme phenotype of 129S1 mice significantly expedited the discovery of the underlying causative variant. Using CRISPR/Cas9 genome editing, we confirmed that the R498W variant of the Nrxn3 gene increased observational fear in the B6J background. Thus, our study offers an important framework for utilizing mouse substrains to identify a novel function of a gene that regulates a complex behavioral trait. Previous studies demonstrated that 129S1 mice exhibited impaired fear extinction in association with functional abnormalities in a cortico-amygdala circuit (Camp et al., 2009 (Camp et al., , 2012 Hefner et al., 2008) . The 129S1 mouse strain was developed to serve as a control strain for many of the steel lineage-derived embryonic stem cell (ESC) lines (Festing et al., 1999; Simpson et al., 1997) . To avoid potential confounds caused by the R498W variant in the Nrxn3 gene, care should be taken in future behavioral studies when examining the role of a targeted gene mutation produced in 129S1-derived ESC lines. Historically, spontaneous mutations have revealed novel functions for known genes, often implicating biological processes previously unknown or only suspected to be involved in the trait. Although the R498W variant in Nrxn3 was validated as a causative variant, at present we cannot explain exactly how this coding change contributes to the function of the protein in the synapse. We found no difference in the Nrxn3 mRNA level in the cortex between KI-Nrxn3 RR (WT) and KI-Nrxn3 WW mice ( Figure S7 ), suggesting that the R498W coding variant may disrupt protein stability or ligand binding, resulting in impaired synaptic functions. The R498W variant is located in the third extracellular LNS domain (aLNS3), a region of the protein thought to be involved in the Ca 2+ -mediated conformational switch for ligand binding (Chen et al., 2011; Miller et al., 2011) . Currently, only two extracellular ligands-neurexophilins and dystroglycanwere identified, both of which bind to the aLNS2 domain (Missler et al., 1998; Sugita et al., 2001 ). To date, no binding partners for the aLNS3 domains of neurexins have been identified (S€ udhof, 2017) . Nonetheless, because SST-Nrxn3 KO mice appeared similar to 129S1 and KI-Nrxn3 WW mice, and loss of function of SST+ neurons using optogenetic inactivation also increased vicarious freezing, we surmise that the net effect of the Trp 498 allele is at least a partial loss of function. Recent mRNA transcriptome profiling studies revealed that enormously diverse variants of the Nrxn3 transcript were expressed in distinct cell populations by highly differential, cell type-specific alternative splicing (Fuccillo et al., 2015; Schreiner et al., 2014; Treutlein et al., 2014) . However, because exon 6, which harbors the R498W protein change, is not subject to canonical alternative splicing (Treutlein et al., 2014) , the Trp 498 allele in 129S1 mice may affect a majority of the NRXN3 proteins ($98%).
It should be noted that, despite its elevated vicarious freezing response, we observed that the KI-Nrxn3 WW mice showed no difference in 24-hr retrieval compared with the KI-Nrxn3 RR WT controls. Intriguingly, recent studies showed that neurexins are not simple building blocks of all synapses but, rather. play distinct roles in different brain regions (Chen et al., 2017; S€ udhof, 2017) . Specifically, Nrxn3 is necessary for GABA release in the olfactory bulbs and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor stabilization in the hippocampus through its interactions with multiple synaptic adhesion molecules (Aoto et al., 2013 (Aoto et al., , 2015 . Because we had introduced the 129S1-specific Trp 498 allele into the B6J genetic background, this phenotypic dissociation in the KI-Nrxn3 WW mice could have been caused by ''modifier genes'' involved in neural circuits underlying the formation or retrieval of social fear memory. Nrxn3 is abundantly expressed in inhibitory neurons, including cortical SST+ and PV+ neurons (Chen et al., 2017; Paul et al., 2017; Ullrich et al., 1995) , but its role has never been defined in different cell types or explored in social behaviors in mice. In this study, we found that Nrxn3 was selectively required for inhibitory synaptic transmission in SST+ interneurons in the ACC. Thus, dysfunctional inhibitory circuits in the ACC of SST-Nrxn3 KO mice caused hyperactivity of excitatory pyramidal neurons, resulting in elevated observational fear response to the distress of demonstrators. This was the first study to characterize the cell type-specific role of Nrxn3 and identify a novel role of Nrxn3-dependent SST+ neurons in the ACC in controlling socially transmitted fear in rodents. In addition to the ACC, we have previously demonstrated that the mediodorsal and parafascicular thalamic nuclei, which are part of the affective pain system, are necessary for acquisition of observational fear (Jeon et al., 2010) . Because in situ hybridization studies showed that Nrxn3 is highly expressed in the cortex but undetected or expressed at a very low level in these thalamic nuclei (http://mouse.brain-map.org/ experiment/show/75042240; Ullrich et al., 1995) , we hypothesized that the enhanced vicarious freezing in SST-Nrxn3 KO mice was due to defective Nrxn3 signaling in SST+ neurons in the ACC. Indeed, using AAV-fDIO-Cre, we found that deletion of Nrxn3 restricted to SST+ neurons in the ACC increased observational fear. These results suggest that the behavioral enhancement in mice with the Nrxn3 R498W variant or SST-specific Nrxn3 KO was largely due to its role in the ACC.
Deletion mutations in the NRXN3 gene were directly implicated as a genetic risk factor for ASDs (Vaags et al., 2012) . Although mice with Nrxn3 mutations exhibited elevated empathy fear, human autism is commonly diagnosed with reduced affective empathic responses (Baron-Cohen and Wheelwright, 2004; Peterson, 2014) . However, other studies show that emotional All data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. empathic response can be intact, or even heightened, in ASDs (Bernhardt et al., 2014; Bird et al., 2010) . Intriguingly, a recently published work demonstrated that participants high in autistic traits showed an elevated observational fear response (Kleberg et al., 2015) . This heterogeneity suggests a more general affective imbalance in neurocognitive capacity in patients with ASDs (Bird et al., 2010; Markram et al., 2007) . Because neurexins mediate synaptic connectivity (S€ udhof, 2017) , dysfunction of Nrxn3 in SST+ or other types of neurons may perturb the neural circuitry underlying social interactions and repetitive behaviors at different nodes in ASD patients (Courchesne and Pierce, 2005; Hahamy et al., 2015; Sahin and Sur, 2015) . Similarly, a locus in 3p26.1 was significantly associated with cognitive empathy in women (Warrier et al., 2017) , and deletion of this locus has been implicated in autism (Gunnarsson and Foyn Bruun, 2010; Pinto et al., 2014) .
Because rats and mice were shown to be capable of learning from others, observational learning studies served as a foundation for studying empathy in rodents. However, observational learning occurs when the observer's task performance changes by observing the demonstrator, not necessarily sharing emotions, such as in foraging (Galef and Giraldeau, 2001) . By contrast, emotional empathy occurs when the observer's emotional state changes in response to an expression of a similar emotion by a conspecific (de Waal and Preston, 2017; Panksepp and Lahvis, 2011) . This phenomenon, referred to as emotional state-matching or affect sharing, was measured as socially transmitted fear response (vicarious freezing) in our behavioral paradigm. Importantly, we and others have provided evidence that the vicarious freezing response of the observer mouse was positively influenced by the animal's familiarity or kinship with the demonstrator. In other words, the demonstrator, being a sibling or long-time mating partner, tends to trigger a higher fear response in the observer (Gonzalez-Liencres et al., 2014; Jeon et al., 2010; Pisansky et al., 2017; Watanabe, 2011) , a phenomenon similar to empathy in humans . Further supporting this idea is a recent study showing that oxytocin, known as a distinct biological factor implicated in empathy-related behaviors in rodents and humans, increased neuronal activity within the ACC and enhanced observational fear in mice (Pisansky et al., 2017) .
Because both the demonstrator and the observer mice contemporaneously express freezing response, one might consider that the freezing response in observational fear conditioning represents emotional contagion. However, when the observer mouse was placed alone back in the same chamber next day, the mouse showed a freezing response (contextual fear memory), although the observer had never experienced foot shocks. This indicates that an association has been made between the affective experience of the observer and the specific environment where the event happened. This subsequent effect should be distinct from emotional contagion or mimicry because this freezing behavior takes place in the absence of the demonstrator long after its exposure to the demonstrator. Because emotional empathy is broadly defined as emotional state-matching between individuals, the observational fear paradigm we study could be reasonably matched to affective empathy in humans (Debiec and Olsson, 2017; Meyza et al., 2017; Sivaselvachandran et al., 2016) . In line with our view, ''observational fear,'' ''vicarious fear learning,'' ''social fear learning,'' ''empathic fear,'' and ''empathy'' have often been interchangeably used in recent work for rodent models of empathy (Atsak et al., 2011; Debiec and Olsson, 2017; Gonzalez-Liencres et al., 2014; Pisansky et al., 2017; Sanders et al., 2013; Watanabe, 2011) .
The ACC has been implicated in fundamental cognitive processes, including executive processing, attention, affective emotion, and social cognition (Apps et al., 2016; Hutchison et al., 1999; Singer et al., 2004) . The converging evidence of behavioral and neural mechanisms underlying observational fear highlights the ACC in association with the amygdala (Debiec and Jeon et al., 2010) . We have previously demonstrated that ACC activities are augmented and synchronized with those of the lateral amygdala (LA) during observational fear (Jeon et al., 2010) , suggesting that the ACC encodes the affective and cognitive information required to express social fear. In the cortex, inhibitory neurons not only regulate excitatory-inhibitory balance in networks but also mediate the precise gating of information through specific signaling pathways (Kubota et al., 2016; Tremblay et al., 2016) . In this study, we found that observational fear was enhanced by decreasing the inhibition of ACC pyramidal neurons via optogenetic suppression of SST+ neurons and impaired by activation of SST+ neurons. By contrast, decreasing inhibition of pyramidal neurons via optogenetic suppression of PV+ neurons or PV-specific Nrxn3 deletion did not change the behavior. This suggests that SST+ neuron-specific mechanisms, not just any inhibition, control empathic fear responses. For optogenetic suppression, SST+ neurons in the right ACC were continuously photo-inhibited during the entire 4-min conditioning period, but this increased the level of vicarious freezing only in the first minute of the conditioning period (min 6). Because dendrite-targeting SST+ neurons exert distal inhibition to control incoming inputs to pyramidal neurons, our results suggest that silencing SST+ neurons enhanced observational fear by decreasing the inhibition of ACC pyramidal neurons. However, recent studies identified that there are different subtypes of SST+ neurons showing a layer-specific distinct disinhibition on pyramidal neurons and other inhibitory neurons in the cortex (Muñ oz et al., 2017; Urban-Ciecko and Barth, 2016) . Specifically, suppression of SST+ neurons in L2/3 increases the firing rates of nearby pyramidal neurons, whereas, in deeper layers, SST+ neurons inhibit PV+ neurons (Cottam et al., 2013; Gentet et al., 2012; Xu et al., 2013) . It is possible that the net effect of silencing SST+ neurons in other layers is an increase in overall inhibition through PV+ neurons. Thus, we cannot exclude the possibility that our 4-min continuous optic inhibition caused some secondary compensatory effect after the transient effect in the early phase of conditioning. Nonetheless, our data showed that different types of cortical GABAergic neurons behaved differently and that SST+ neurons in the ACC bidirectionally controlled the degree of observational fear response. Similarly, inactivation of SST+ neurons increased the activity of hippocampal CA1 pyramidal cells and reduced contextual fear learning, whereas suppression of PV+ neurons had no effect on behavior (Lovett-Barron et al., 2014).
Our study demonstrates that the Nrxn3-mediated inhibitory function in SST+ interneurons in the ACC is a crucial neural mechanism for controlling the degree of socially transmitted fear. Given the similarity in neocortical circuit organization across brain areas and species (Harris and Shepherd, 2015; Tremblay et al., 2016) , we propose that this inhibitory circuit motif mediated by SST+ neurons in the ACC may represent an effective and widely used neural mechanism controlling other empathy-related behaviors. Thus, it will be of great interest to determine whether Nrxn3-dependent SST+ neurons control other types of socially contagious behaviors, such as empathy for pain, consolation, or prosocial helping behaviors (Ben-Ami Bartal et al., 2011; Burkett et al., 2016; Langford et al., 2006) . Furthermore, because cortical SST+ interneurons can be further subdivided into multiple subsets (Paul et al., 2017; Tasic et al., 2016; Zeng and Sanes, 2017) , a more detailed cell type-specific genetic dissection of Nrxn3 could help elucidate a distinct neuronal subpopulationmediated circuit regulating empathy-related behaviors.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Illumina HiSeq 2000 sequencer. As all 4 reversible, terminator-bound dNTPs are present during each sequencing cycle, natural competition minimizes incorporation bias and reduces raw error rates compared to other technologies. The result is highly accurate base-by-base sequencing that virtually eliminates sequence-context-specific errors, even within repetitive sequence regions and homopolymers. After sequencing, FastQC and quality filtering process was performed in order to reduce biases in the analysis. Filtered sequencing reads from each strain were aligned to the C57BL/6J mouse reference genome (GRCm38/mm10) using BWA aligner (with mem algorithm). SNP and Indel discovery The output, Sam file, was converted to Bam file and was sorted with SAMtools. PCR duplicate reads were removed with Picard tools. Statistics regarding this mapping result such as the number of reads and its coverage to all sequences was obtained using the Genome Analysis Toolkit (GATK). To ensure that high quality variants were only used for later analysis, variant calling was performed with SAMtools (mpileup command) and BCFtools (call, filter) commando on the basis of the BAM file previously generated). In this step, SNPs and short insertion or deletion (indel) candidates with phred scores over 30 (base call accuracy 99.9%) were captured through aligned reads' information. Only homozygote high quality variants that passed all the filters were retained. Those variants classified by chromosomes or scaffolds, and the information of the location are described in Supplemental information. Identification and count of 129S1-unique variations To identify variants unique to 129S1 strain, variants found in 129S1 strain that differ from those of 129S4 strain were then compared with 17 other inbred mouse strains in the Mouse Genome Project (MGP) variation catalog. We then filtered 129S1-unique variant sets (SNPs and indels) to identify potentially pathogenic variants. SNP and indel annotation and prediction of consequences Using the Ensembl Variant Effect Predictor (VEP) tool (McLaren et al., 2010) , we added functional consequence annotation to SNPs and indels on gene transcripts. For missense variants, we employed ''Sorting Intolerant From Tolerant (SIFT) (Ng and Henikoff, 2003) score estimated by the VEP to predict whether amino acid substitution would be damaging, and Protein Variation Effect Analyzer (PROVEAN) v1.1.3 (Choi et al., 2012) to provide further prediction of the functional effect of protein changes. To further narrow down the causative variants, we then compared the abundance of mRNA for the genes harboring 129S1-unique missense variants using the BioGPS (Wu et al., 2009 ) and the NCBI Mouse ENCODE transcriptome data (Yue et al., 2014) .
PCR and DNA sequencing Tail genomic DNA was isolated using chloroform extraction. The R498W variant-containing region in exon 6 of the Nrxn3 gene was amplified using standard PCR conditions (94 C for 2min, 94 C for 30 s, 60 C for 30 s, 72 C for 30 s, 30 cycles). R498W primer sequences were as follows (636bp amplicon, Forward primer: 5 0 -CCCAGTGAGTGATGGATTGATA-3 0 , reverse primer: 5 0 -GACAGGT GAGCATGCAAGTTAG-3 0 ; sequencing Primer, 5 0 -TGCAAGACTGATTCATATG 3 0 ).
Production of knock-in Nrxn3 R498W mice by CRISPR/Cas9 technology To produce a Cas9/single-guide RNA (sgRNA) expression vector, oligonucleotide DNAs (5 0 caccCGGACATCTTTCCTTTCTTG AGG-3 0 and 5 0 -aaacCCTCAAGAAAGGAAAGATGTCCG-3 0 ) were annealed and then inserted into pX330 vector (Addgene). The cleavage activity of the pX330-Nrxn3Ex6 vector was evaluated by the EGxxFP system as described previously (Cong et al., 2013; Mizuno et al., 2014) . Genomic DNA containing exon 6 of the Nrxn3 gene was amplified and inserted into pCAG-EGxxFP to produce pCAG-EGxxFP-Nrxn3Ex6. The pX330-Nrxn3Ex6 and pCAG-EGxxFP-Nrxn3Ex6 were transfected into HEK293 cells (Laboratory Animal Resource Center, University of Tsukuba, Japan). As a donor oligonucleotide, a single-stranded nucleotide DNA was synthesized (Integrated DNA Technologies). Female C57BL/6J mice were injected with pregnant mare serum gonadotropin and human chorionic gonadotropin at a 48-h interval, and mated with male C57BL/6J mice. The fertilized one-cell embryos were collected from the oviducts. Then, 5 ng/mL of pX330-Nrxn3Ex6 vector and 10 ng/mL of the donor oligonucleotide were injected into the pronuclei of these one-cell-stage embryos. The injected one-cell embryos were then transferred into pseudopregnant ICR mice. The Trp 498 coding change in F0 mice was confirmed by DNA sequencing of the PCR product for the exon 6 of the Nrxn3 gene. A total of 112 mice of B6J background were born and three F0 mouse lines with the R498W coding variant were identified. Two founder mice containing indels were excluded and one F0 line harboring only the R498W variant was further examined for the presence of the Cas9 transgene and off-target effects. Candidate off-target sites were identified based on a complete match of 16 bp at the 3 0 end, including the PAM sequence. F0 mice were backcrossed with C57BL/6J mice for two generations before intercrossing heterozygotes (KI-Nrxn3 RW ) to generate homozygote mutant (KI-Nrxn3 WW ) mice.
RNA extraction and TaqMan gene expression assay Total RNA was extracted from frontal cortices of 129S1, 129S8, KI-Nrxn3 RR , and KI-Nrxn3 WW mice using RNeasy mini kit (QIAGEN, USA). Reverse transcription was performed on 1 mg of RNA using Superscript VILO reverse transcriptase (Invitrogen, USA). The relative abundance of Nrxn3 mRNA transcript was assessed by TaqMan qRT-PCR (ThermoFisher Scientific, USA) using a standard curve method. Quantification of RT-PCR products were measured by examining the increase in emitted fluorescence signal from the FAM dye. All samples were run in triplicate and an additional assay for endogenous Gapdh gene was performed to control for input cDNA template quantity. Relative quantification was determined for each sample by calculating the mean Cq value using the delta Ct method.
Behavioral assays
All behavioral tests were performed at 2-7pm during the light cycle. Additionally, Day 2 contextual memory test was performed at a similar time of day as conditioning. Mice in their respective home cages were placed in the behavioral test room about an hour before the tests. Naive mice that had no prior experience on any behaviors were used only once for each of the behavioral assays. Each of the behavioral tests was performed as mice became available from breeding (at least 3 different litters), and in no particular order by strain or mutant line. Sample sizes were estimated based on previous studies using similar experimental designs (Jeon et al., 2010; .
Observational fear
Observational fear conditioning was performed as previously described (Jeon and Shin, 2011) . 10-12 weeks-old male mice (observer and demonstrator) were individually placed in chambers partitioned by a porous, transparent Plexiglas divider in the middle. After a 5 min habituation period, a 2 s foot shock (1 mA) was delivered every 10 s for 4 min to the demonstrator mouse. To assess contextual memory, the observer mice were placed back into the chamber 24 hr after training for 4 min. In all experiments, the observer and demonstrator mice were non-siblings and non-cagemates. The behavior of the mice was recorded with the Freezeframe software (Coulbourn Instruments) and analyzed with Freezeview software (Coulbourn Instruments). Motionless bouts lasting more than 1 s were considered as freeze.
Pavlovian fear conditioning
Conventional fear conditioning was performed as previously described (Jeon et al., 2010) . On training day, mice were placed in the fear conditioning chamber (Coulbourn Instruments). After a 5 min exploration period, 3 foot shocks (0.7mA/ 1 s) separated by 1 min intervals were delivered to the mice. The mice remained in training chamber for another 60 s before being returned to home cages. To assess contextual learning, we placed the mice back into the chamber 24 hr after training. The behavior of the mice was recorded and analyzed with FreezeFrame software as described above.
